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ABSTRACT 


Despite  years  of  research  on  electrical  breakdown  of  fast  pulsed  high  vacuum  diodes,  the 
marhanismH  of  the  process  are  far  from  being  fully  discovered.  It  is  well  known  that 
electrical  breakdown  begins  with  plasma  formation  on  the  electrode  surfaces,  but  there 
is  disagreement  on  how  this  occurs.  The  most  widely  accepted  model,  the  Explosive 
Electron  Emission  model  predicts  plasma  formation  on  the  cathode  by  means  of  ohmic 
haating  caused  by  a  field  emitted  current.  Anode  plasma  formation  under  this  model  is 
explained  as  due  to  energy  deposition  by  fast  electrons.  A  new  model  proposes  that 
adsorbed  neutral  molecules  on  the  electrode  surfaces  play  a  key  role  in  developing  the 
conditions  where  unipolar  arcs  cause  plasma  formation  on  both  electrodes.  In  this  work, 
simultaneous  measurements  of  the  light  produced  at  the  electrodes  shows  that  plasma  is 
produced  on  the  anode  in  less  than  2  nanoseconds  after  it  is  produced  at  the  cathode. 
These  findings  support  the  new  model. 


m 


ioeesslon  tor 

^  ■ 

'  Sirs  GP.A&I 

0 

\ 

O':  1C  TAU 

i 

=1 

Uuaanounced 

:  f  lost  i on - 

□ 

3y 


Di^^r5.bntlot>/  . . 


iSrAi).  co'l/or 
isl 


TA^  or  CXXIIBITS 

I .  INIRODUCITON .  1 

II  BAa<C3?0UND .  3 

A.  DESCRIPTICN  OF  TOE  BREAKDOWN  PROCESS .  3 

B.  MCXDELS  FOR  PLASMA  PRCBUCTION .  8 

1.  Explosive  Electron  Emission  Model  (Cathode)  8 

2.  Anode  Flares .  8 

C.  LIMITATICXJS  OF  TOE  EXPLOSIVE  ELECTRON  EMISSICN 

MODEL .  9 

III.  DESORBED  NEUTOAL  IONIZATION  MODEL .  11 

A.  OVERVIEW .  11 

B.  QUALITATIVE  DESCRIPTION  (CATOODE) .  11 

C.  TOE  MODEL  APPLIED  (CATOODE) .  15 

D.  THE  MODEL  APPLIED  TO  TOE  ANODE .  20 

E.  A  TIME  PREDICnCN  OF  ANODE  FLARES .  27 

IV.  EXPERIMENT .  29 

A.  OVERVIEW .  29 

B.  EXPERIMENTAL  SETUP .  30 

1.  Equipment  and  Laboratory  Layout .  30 

2.  Signal  Processing  Configuration .  33 

3.  Optical  Seti:p  1 .  35 

iv 


4.  Optical  Seti;?)  2 .  36 

5.  X-ray  Seti:^ .  38 

C.  E^OCEDURES .  40 

1.  Timing .  40 

2.  Optical  Delay  Corrections .  42 

3.  X-ray  Delay  Corrections .  43 

4.  Data  Acquisition .  43 

D.  EXPERIMENTAL  CONCERNS .  44 

1.  Electromagnetic  Noise .  44 

2.  Stray  X-rays .  45 

3.  Cathode  vs  Anode  Light .  45 

V.  RESULTS/DATA .  47 

A.  OVERVIEW .  47 

B.  TYPICAL  WAVE  FORMS  (SET  UP  1) .  48 

C.  TABULATED  DATA  (SET  UP  1)  .  57 

D.  TYPICAL  WAVE  FORMS  (SET  UP  2) .  59 

E.  TABULATED  DATA  (SET  UP  2) .  63 

F.  ADDITIONAL  FINDIN3S .  66 

VI.  ANALYSIS .  74 

A.  OVERVIEW .  74 

B.  LIOIT  OJSET  PREDICTIONS .  75 

C.  SEQUENCING .  76 

D.  LIGHT  INTENSITIES  AND  CRATERING .  78 

E.  ANODE  DAMAGE .  80 


V 


VII.  CXMIiUSICN/PE(XrWEM»TIONS .  81 

APPENDIX  A:  EIRROR  ANALYSIS .  83 

A.  TIME  MEASUREMENTS .  83 

B.  VOLTAGE  MEASUREMENTS .  85 

APPENDIX  B:  DATA .  87 

A.  OPTICAL  SETUP  1 .  87 

B.  OPTICAL  SETUP  2  90 

LIST  OF  REFERENCES .  94 

INITIAL  DISTRIBUTICN  LIST .  96 


AQttlDWIiBDGBMaiTS 


This  work  was  by  no  means  a  solo  effort .  It  is  the  result 
of  much  labor  by  many  people.  I  would  like  to  thank  a  few  of 
those  individuals  who  helped  me  the  most .  Dr .  Fred  Schwirzke 
provided  the  guiding  hand  for  the  theoretical  portion  of  this 
work  and  taught  me  a  lot  about  plasma  physics.  Dr.  Xavier 
Maruyama  taught  us  how  to  conduct  a  good  experiment,  and 
provided  the  logistical  and  administrative  sii^port  that  we 
needed.  Thanks  also  to  Mr.  George  Jaksha  for  all  the  short 
notice  fabrication  that  was  so  necessary  to  the  experiment. 
I  would  also  like  to  extend  my  gratitude  to  Harold  Rietd^^  and 
Don  Snyder  for  their  help  with  the  Flash  X-ray  machine. 
Probably  the  greatest  thanks  is  due  to  Mike  Callahan,  rry  lab 
partner,  v^o  did  more  than  his  fair  share  vrtien  it  came  to 
operating  all  the  lab's  equipment.  To  ny  wife  Maria,  thank 
you  so  much  for  caring  about  ny  work  and  listening  to  all  ny 
concerns  and  joys.  Thanks  for  looking  after  Keith  Xavier 
while  I  got  the  work  done! 


vii 


I.  ZNIROOacnGN 


Electrical  breakdown  between  charged  electrodes  has  been 
studied  since  the  1930 's  and  beginning  in  the  1960 's  extensive 
research  has  been  done  on  electrical  breakdown  in  fast  pulsed 
high  voltage  vacuum  diodes .  From  this  research,  much  has  been 
learned  about  the  results  of  the  breakdown  process  such  as 
field  anission  of  electrons  from  the  cathode,  ion  emission 
from  the  anode,  plasma  formation  and  gap  closure.  However, 
the  mechanisms  which  cause  these  events  to  occur  are  still  not 
well  understood. [Ref .1] 

This  work  focuses  on  the  pre -breakdown  processes  that 
occur  in  the  diode,  and  specifically  the  plasma  formation  on 
the  electrode  surfaces.  Previous  work  in  this  field  done  at 
the  Naval  Postgraduate  School  confirmed  the  formation  of 
microscopic  craters  or  pits  on  both  the  cathode  and  the  anode 
surfaces  after  breakdown.  This  same  phenomena  occurs  on 
metallic  target  surfaces  by  means  of  laser  induced  plasma 
formation.  The  formation  of  these  craters  is  e:q5lained  by 
Schwirzke's  unipolar  arcing  model  [Ref .2] .  Hallal  [Ref .3] 
incorporated  the  unipolar  arcing  model  into  a  model  which 
describes  how  the  conditions  for  unipolar  arcing  occur  on  a 
fast  pulsed  diode.  His  e:q)erimental  work  conpared  diode 
voltage  and  current  parameters  to  the  light  signal  produced  by 
the  combined  anode/cathode  plasma  formations.  Willis  [Ref  .4] 
was  the  first  to  attoipt  to  measure  anode  and  cathode  light 

1 


signals  as  separate  light  sources  but  due  to  equipment 
limitations  he  could  only  measure  one  at  a  time.  Ihe  purpose 
of  this  experiment  was  to  determine  whether  the  plasma  is 
produced  first  on  the  anode  or  the  cathode  and  to  determine 
any  distinguishing  characteristics  between  the  two  plasmodic 
formations.  To  do  this  requires  the  simultaneous  and 
distinguishable  observation  of  the  light  produced  on  the 
electrode  surfaces.  This  information  is  needed  to  further  the 
understanding  of  the  mechanisms  that  lead  to  electrical 
breakdown.  Most  studies  in  this  area  focus  on  the  cathodic 
processes  because  they  are  believed  to  dominate  activities 
leading  to  breakdown  [Ref  .1]  .  But  knowledge  of  the  anodic 
processes  is  necessary  to  understand  how  diodes  are  used  as 
ion  sources.  Our  findings  are  that  plasma  formation  on  the 
anode  occurs  about  1.5  nanoseconds  after  the  initial  plasma 
production  begins  on  the  cathode.  There  is  evidence  that  the 
anode  plasma  forms  almost  simultaneously  with  cathode  unipolar 
arcing.  This  is  in  agreement  with  models  preposed  by  Hallal, 
Schwirzke  and  Willis. 
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II  BACKQROCMD 


A.  DBSCRIFIIGN  OP  IBB  BRBMCDCMT  PRXBSS 


The  term  breakdown  refers  to  the  filling  of  the  diode  gap 
with  some  conducting  medium  allowing  current  to  flow  with 
little  or  no  resistance.  In  a  vacuum  diode  this  process 
begins  with  the  onset  of  an  applied  voltage .  For  a  diode  with 
a  gap  width,  d  ,  a  voltage  differential,  ®  ,  creates  a 
macroscopic  electric  field,  E  ,  given  by  the  relationship 


E= 


d 


2.1 


provided  that  no  current  is  flowing  between  the  electrodes. 
Previous  work  has  shown  that  if  the  electric  field  becomes 
strong  enough  (approximately  10^  V/m) ,  the  resulting  Lorentz 
force  can  cause  a  quantum  mechanical  tunnelling  of  electrons 
through  the  potential  baunrier  binding  than  to  the  cathode 
surface  [Ref .  1]  .  The  electrons  are  then  accelerated  toward  the 
anode.  This  action  is  termed  field  emission  and  normally 
occurs  at  microprotrusions  on  the  cathode  surface  cocmonly 
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referred  to  as  vdiiskers.  Field  annission  takes  place  at  the 
whiskers  because  their  geometry  results  in  an  electric  field 
enhancanent  at  the  v^isker  tip  from  10  to  100  times  the 
nominal  electric  field  given  by  Equation  2.1.  This 
enhancement  is  visually  danonst rated  in  Figure  2.1. 


C  Fieto  UNCS 


Figure  2.1  Electric  Field 
Enhancement  at  a  Whisker  Tip 

The  current  density  resulting  from  field  emission  is  a 
function  of  the  electric  field  enhancement  factor,  p  ,  and  the 
nominal  electric  field  E.  Its  magnitude  is  given  by  the 
Fowler-Nordheim  equation. 


Jf^=CiP2£2exp{--^) 


2.2 
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vdiere  Ci  and  Cj  are  constants  based  on  the  work  function  of  the 
material  conpDsing  the  cathode.  The  next  stage  of  the 
breadcdown  process  is  the  e:q)losive  formation  of  plasma  on  the 
electrode  surfaces.  This  occurs  within  a  few  nanoseconds  from 
the  voltage  pulse  onset.  If  the  explosive  like  plasma  occurs 
above  whiskers  on  the  cathode  surface^  it  is  called  a  cathode 
flare.  If  it  originates  near  the  anode  it  is  an  anode  flare 
[Ref  .5]  .  The  method  by  which  these  flares  occur  is  not 
conpletely  understood  and  there  are  several  conpeting  theories 
v^ch  attempt  to  explain  these  phenomena.  Electrode  flares 
are  the  focus  of  this  work  and  will  be  described  in  detail  in 
later  sections. 

Electrical  breakdown  is  cotiplete  vrtien  the  plasma  produced 
by  electrode  flares  fills  the  gap  providing  a  conductive  path 
on  which  current  can  flow  freely.  This  happens  in  a  time  span 
much  greater  than  that  of  plasma  production  on  the  electrode 
surfaces,  normally  on  the  order  of  a  few  microseconds. 

The  \diole  breakdown  process  was  photographed  by  Hallal 
[Ref  .3]  at  the  Naval  Postgraduate  School  Flash  X-ray  facility 
using  a  video  camera  with  high  density  filters.  Though  the 
photographs  do  not  provide  any  tarporal  information,  they  do 
provide  a  good  qualitative  description  of  the  process.  These 
photographs  are  shown  in  Figures  2.2  and  2.3.  Figure  2.2 
shows  two  flcures  originating  on  the  cathode  surface.  Figure 
2.3  shows  gap  closure  (the  meeting  of  a  cathode  and  an  anode 
flare).  Based  on  measuranents  performed  in  [Ref. 3],  gap 
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closure  occurs  a  few  microseconds  after  plasma  production 
onset. 


► 


Figure  2.2 Photograph  of  a  Cathode  Flare  Filmed 
with  a  2%  Transmittance  Filter.  Courtesy  Hallal. 


Figure  2.3  Gap  Closure  Resulting  From  the  Filling 
of  the  Diode  by  Plaaiva  Produced  by  an  Anode 
and  a  Cathode  Flare. 


Ihe  material  that  coirprises  the  plcisma  cloud  obviously 
originates  from  the  two  electrodes  and  indeed  panrtial 
dissolution  of  the  electrode  surfaces  is  consistently 
observed.  This  dissolution  is  normally  seen  in  the  form  of 
small  shallow  craters  on  the  electrode  surface  sometimes 
referred  to  as  cathode  spots  or  pitting.  They  are  normally 
10-50  ^m  in  diameter  and  1-5  fm  deep.  A  micrcphotograph 
(Figure  2.4)  taken  by  Schwirzke  of  a  cathode  surface  after 
electrical  breakdown  shows  these  spots.  Photographs  of  anode 
surfaces  after  electrical  breakdown  show  craters  similar  in 
size  and  shape  to  those  shown  in  Figure  2.4  [Ref .4] . 


Figure  2.4  Photograph  of  a  Cathode 
Surface  After  Breakdown  (1000  X  )  . 
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B.  Mnnig.B  FOR  vuism  pbodocticw 


1.  Biqploslw  Elactzon  Snlssicn  Mbdsl  (Cathode) 

A  well  publicized  model  for  plasma  production  on  the 
cathode  has  been  proposed  by  Mesyats  [Ref  .5] .  In  this  model, 
the  primary  mechanism  for  the  formation  of  cathode  flares  is 
sinple  ohmic  heating  caused  by  the  field  emission  current. 
The  model,  in  brief,  e3q)lains  that  after  the  application  of 
the  voltage  pulse,  field  onission  of  electrons  will  occur  at 
microprotrusions  (vMskers)  as  discussed  in  Section  A.  As  the 
voltage  increases,  so  will  the  field  emission  current  density 
until  it  reaches  a  critical  level  vAiere  the  resultant  ohmic 
heating  is  sufficient  to  melt  and  very  quickly  vaporize  and 
ionize  the  vAiisker.  This  plaannodic  material  will  then  e^qjand 
in  an  explosive  manner  at  speeds  up  to  10^  m/s. 

2.  Aoode  Flares 

Mesyats  proposes  that  anode  flares  occur  after  cathode 
flares  and  are  the  direct  result  of  energy  deposited  on  the 
anode  surface  by  the  accelerated  electrons  of  the  cathode 
flare.  Upper  bound  calculations  based  on  his  esqserimental 
conditions  (diode  gap  =  0.35nin,  max  voltage  =  35  kV,  and 
resistance  =  150  Q  )  show  that  the  energy  deposition  on  the 
anode  surface  is  sufficient  to  vaporize  the  metal  in  an 
ea^losive  manner.  The  Mesyats  models  also  predict  a  much 
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bri^ter  anode  flaure  than  cathode  flare  for  millimeter  gap 
width  diodes .  [Ref . 5] 

C.  LDCmnOMS  of  TBZ  explosive  electron  scission  N0C3EL 

The  greatest  shortcoming  of  the  explosive  electron 
emission  (EEE)  model  is  that  current  densities  required  to 
vaporize  a  vdiisker  in  a  few  nanoseconds  is  far  greater  than 
what  is  feasible  because  of  space  charge  limitations.  The 
greater  the  current  density  in  a  vacuum  diode  gap,  the  larger 
the  negative  charge  density  is  in  the  g^.  The  presence  of 
this  charge  decreases  the  electric  field  on  the  cathode  and 
therefore  in  a  self-regulating  manner  it  reduces  the  field 
emission  current.  The  maximum  allowable  current  under  space 
charge  limiting  conditions  is  given  by  the  well  known 
nonrelativistic  Qiild-Langmuir  law, 
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1  .  -5 


vAiere  Cq  is  the  permittivity  constant  and  e/m  is  the  electron 
charge  to  mass  ratio. 

For  a  1  MV  potential  ^plied  across  a  1  inch  gap,  the 
C3iild-Langmuir  law  limit  in  a  uniform  electric  field  is  Jci= 
3.6  X  10®  A/m*.  This  current  density  is  far  less  than  the 
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required  current  density  of  10^^ -10“  A/nf  to  e3q)lode  the 
whisker  in  the  3-10  nanoseconds  in  which  it  occurs  [Ref .3] . 

Mesyat’s  model  as  it  applies  to  the  anode  is  plausible 
except  that  it  doesn't  explain  the  formation  of  anode  spots. 
As  mentioned  earlier,  pitting  in  the  form  of  anode  spots  has 
been  observed  and  the  size  and  depth  of  these  spots  is  very 
similar  to  cathode  spots.  The  question  then  is  how  do  these 
similar  features  occur  by  different  mechanisms  as  proposed  by 
Mesyats? 
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III.  DISORBKD  MEDISAL  IGMIZATION  NDOBL 


A.  aVEBVUBf 


A  new  model,  termed  here  the  desoriDed  neutral  ionization 
(DNI)  model  ,  has  neutral  molecules  initially  adsorbed  on  the 
cathode  surface  playing  a  key  role  in  the  production  of 
cathode  flares.  Past  research  [Ref. 3]  and  [Ref. 4]  have  shown 
it  to  be  successful  in  predicting  the  delay  time  between  diode 
voltage  onset  and  cathode  f laue  occurrence .  Also  very 
iirportantly  its  principles  can  also  be  allied  to  help 
understand  the  mechanism  of  plaisma  formation  on  the  anode. 
Ihe  model  as  it  applies  to  the  cathode  is  presented  below  much 
as  described  in  [Ref  .3]  except  that  the  diode  voltage  used  as 
an  illustration  is  more  representative  of  the  actual  diode 
voltage  during  plasma  production. 

B.  gCALITATIVB  DBSC3(ZFTZQN  (GATBODB) 

With  the  onset  of  the  applied  voltage,  the  resulting 
current,  though  initially  small,  begins  to  heat  the  cathode 
surface.  This  heating  is  most  intense  on  the  tips  of  existing 
vhiskers  because  of  the  electric  field  enhancement  discussed 
earlier.  The  resultant  sudden  rise  in  taiperature  causes  the 
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desorption  of  an  ever  present  monolayer  of  neutral  contaminant 
molecules .  The  conposition  of  these  molecules  is  assumed  to  be 
similar  to  air.  At  room  t«iperature  (300K) ,  air  molecules 
have  an  average  speed  of  470  m/s  [Ref  .6]  .  They,  therefore 
move  away  from  the  cathode  at  this  speed.  7^  the  voltage 
increases,  the  energy  of  the  field  anitted  electrons  passing 
through  the  neutral  cloud  increases.  When  the  energy  of  the 
field  emitted  electrons  is  sufficient  enough  such  that  the 
cross  section  of  ionization  of  the  neutrals  is  ^preciable, 
ionization  of  the  neutrals  will  occur.  The  light  produced 
during  this  ionization  is  believed  to  be  the  initial  "spcurk'' 
of  light  that  signals  the  onset  of  plasma  production.  This 
sequence  of  events  is  depicted  schaiatically  in  Figures  3.1, 
3.2  and  3.3. 

The  electrons  produced  by  the  ionization  of  neutrals 
continue  to  be  accelerated  to  the  anode,  v^le  the  ions  moving 
much  more  slowly  are  accelerated  back  to  the  cathode  where 
they  efficiently  transfer  energy  to  the  surface  causing  still 
more  desorption  of  neutrals.  But  since  the  electrons  move  so 
much  faster  than  the  ions,  the  ions  linger  longer  in  front  of 
the  whisker.  This  results  in  the  formation  of  a  positive 
space  charge  sheath  a  short  distance  in  front  of  the  cathode. 
The  positive  sheath  increaises  the  electric  field  on  the 
vdiisker  \diich  increases  the  amount  of  field  emission 
electrons.  This  is  often  referred  to  as  enhanced  field 
emission  and  is  also  depicted  in  Figure  3.3. 
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V  M  wine  pate  dqwnilMl 


Figure  3.1  Hie  Diode  Just  After  Voltage  Onset. 
Current  on  the  cathode  surface  causes  desorption 
of  neutrals.  Hie  diode  voltage  is  not  sufficient 
to  cause  field  emission  of  electrons. 


Figure  3.2  Diode  a  Few  Nanoseconds  After  Voltage 
Onset.  Hie  enhanced  electric  field  on  vrtiisker  tips 
is  sufficient  for  field  emission  of  electrons,  but 
electron  energy  is  insufficient  to  ionize  desoriaed 
neutrals . 
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Flgura  3.3  Diode  3-10  ns  After  Voltage 
Onset.  Ionization  of  the  desorbed 
neutrals  has  begun  by  100  eV  electrons 
and  a  positive  space  charge  sheath 
enhances  field  emission,  unipolar 
arcing  will  follow. 


The  vaporization  of  the  cathode  matter  and  the  making  of 
the  cathode  flare  occurs  by  means  of  an  involved  theory 
[Ref  .2]  .  It  will  be  suttinarized  here  for  conpleteness .  The 
field  emission  current  increases,  due  to  ionization  of  the 
neutrals,  in  a  self-perpetuating  manner  until  it  becomes  i^ce 
charge  limited.  The  continued  ionization  forms  a  dense  cloud 
of  plasma  about  the  vhisker  vhich  effectively  shields  the  tip 
of  the  vhisker  from  the  externally  applied  electric  field. 
Plasma  pressure  gradients  and  sheaths  lead  naturally  to  the 
formation  of  unipoleu:  cures  that  can  sustain  current  densities 
between  the  plasma  and  the  cathode  surface  orders  of  magnitude 
larger  than  the  space  charge  limited,  Jd  to  the  anode.  This 
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current  coirbined  with  massive  ion  bombarcinent  are  believed  to 
be  the  mechanisms  for  the  formation  of  ea^losive  cathode 
flares  and  the  resulting  cathode  spots  or  pits. 

C.  IBB  MGOBL  APPLISD  (CAIBGDE) 

Using  the  above  described  model  and  applying  the 
conditions  and  parameters  of  the  diode  yields  some  interesting 
results  and  leads  much  credence  to  the  theory.  E>^rience  has 
shown  that  the  diode  voltage  at  the  onset  of  light  is 
typically  around  500  kV  and  occurs  between  4  and  11 
nanoseconds  after  voltage  onset.  The  number  of  molecules  in 
Cffie  adsorbed  monolayer  is  estimated  at  2.2  x  10^®  particles/m? . 
So  if  at  voltage  onset,  the  monolayer  becomes  desorbed  from 
the  cathode  surface  and  they  begin  moving  with  a  mean  velocity 
of  470  m/s  (the  average  velocity  of  air  molecules  at  T  =  30 OK 
[Ref  .6] ) ,  then  at  a  typical  delay  time  of  10  ns,  the  majority 
of  the  neutrals  will  have  travelled  a  distance  of  4.7  fm. 
Since  the  cathode  aurea  is  7.9  x  10"^  m?,  the  average  number  of 
neutrals  will  be  N  =  1 . 74  x  10“  particles  in  a  volume  V  =  3.72 
X  10’®  m?.  This  yields  an  average  neutral  density  n^  =  N/V  = 
4.7  X  10^^  pouiicles/irf ,  which  is  about  a  fifth  the  density  of 
air  at  atmospheric  pressure.  As  mentioned  earlier,  the  cross 
section  of  ionization  of  the  neutrals  becomes  appreciable  at 
electron  energies  of  100  V.  When  the  diode  voltage  is  500  kV 
over  a  2.54  cm  g^,  the  100  V  equipotential  is  located  5  im 
from  the  cathode .  Therefore  the  neutrals  vrtiich  have  travelled 


the  5  /im  frcxn  the  cathode  have  a  high  probability  of  being 
ionized  by  field  emitted  electrons  and  plasma  production  at 
the  cathode  has  begun.  Thus  Hallal  [Ref  .3]  showed  that  it  was 
possible  to  predict  the  delay  time  between  voltage  onset  and 
light  production.  This  was  acconplished  by  determining  the 
intersection  of  a  100  V  equipotential  surface  (EI^)  curve  and 
a  neutral  cloud  position  curve.  When  a  significant  neutral 
particle  density  and  electixDns  with  enough  energy  (100  V)  to 
ionize  these  neutrals  coincide,  intense  ionization  is 
expected.  The  100  V  equipotential  surface  curves  shown  in 
Figures  3. 4 -3. 6  are  functions  of  typical  diode  voltages.  If 
the  cathode  and  anode  surfaces  are  large  corpared  to  the 
separation  distance,  d  ,  then  the  electric  field  between  the 
electrodes  is  constant  and  the  relation 


x_  v{x,  t)  -3  , 
d  ®{t) 

describes  the  location,  x  ,  from  the  cathode  of  a  potential 
V(x,t)  at  a  time,  t  ,  vhen  a  potential,  ♦  (t) ,  is  applied  to 
the  anode.  Equation  3.1  is  used  to  plot  the  "EPS"  curves 
shown  in  Figures  3. 4 -3. 6  and  the  neutral  distance  curves,  on 
these  same  figures  are  sitrply  a  linear  plot  of  position  based 
on  an  average  velocity  of  470  m/s.  The  predicted  delay  time 
between  diode  voltage  onset  and  light  onset  is  the 
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intersecticai  of  these  two  curves.  Itiis  intersection  point  is 
indicated  on  each  of  the  graphs. 
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Figure  3.6  lOOV  EPS  and  Neutral  Distance  Curves 
for  a  100  kV  Mcuoc  shot.  The  predicted  light  onset 
time  is  7.5  ns. 


From  the  Figures  3. 4 -3. 6  we  can  predict  that  the  onset  of 
light  should  occur  11,  7.5  and  7.5  nanoseconds  after  voltage 
onset  for  the  55  kV,  75  kV  and  100  kV  Marx  voltage  pulses 
respectively.  These  same  graphs  also  predict  corresponding 
neutral  particle/lOOV  equipotential  location  distances  of  5 
^Jm,  3.8  im  and  3.6  /rni.  Based  on  these  locations  of  the  100  V 
equipotentials,  predicted  diode  voltages  at  light  onset  are: 
508  kV  (for  55  kV  Marx) ,  668  kV  (  for  75  kV  Marx)  and  705  kV 
(for  100  kV  Marx)  .  Vfe  should  also  expect  the  light  created  by 
the  neutral  ionization  to  be  shortly  followed  by  the  much 
brighter  cluster  of  unipolar  aurcs  (cathode  flares) . 
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D.  THB  MODEL  APPLIED  TO  THE  ANODE 

Because  anode  spots  (small  craters)  have  been  consistently 
observed  [Ref  .4] ,  it  is  believed  that  the  same  mechanism  that 
creates  spots  on  the  cathode  is  responsible  for  anode  spots. 
This  requires  that  a  sheath  ,  positive  with  respect  to  the 
anode,  forms  which  results  in  field  anission  above  a  vdiisker 
as  described  above  for  the  cathode.  One  method  by  which  this 
could  occur  was  proposed  by  Willis  [Ref  .4]  .  In  sumnary,  he 
suggested  that  the  huge  flux  of  high  energy  electrons  from  the 
cathode  flare  plasma  strikes  adsorbed  neutrals  on  the  anode 
surface  and  this  causes  some  ionization  of  the  neutrals. 
Though  the  cross  section  of  ionization  for  high  energy 
electrons  is  very  small,  the  electron  flux  and  neutral  density 
on  the  surface  are  sufficient  to  produce  a  strong  enough 
ionization  rate  to  cause  a  positive  space  charge  sheath  to 
form  a  few  micrometers  from  the  anode.  This  positive  sheath 
has  enough  charge  to  have  a  potential  above  that  of  the 
applied  anode  voltage .  This  is  possible  because  of  the 
relatively  large  inertia  of  the  ions.  Ion  flight  time  to  the 
cathode  is  about  10  ns,  while  the  time  it  takes  secondary 
electrons  to  travel  a  few  microns  to  the  anode  is  less  than 
1/1000  of  a  nanosecond.  At  sufficiently  high  ionization 
rates,  field  reversal  and  eventually  field  onission  from  the 
anode  and  unipolar  aircing  will  occur. 
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Hie  required  net  ion  density  (ions/ni?)  aborve  the  anode  to 
cause  field  reversal  can  be  estimated  using  the  parallel 
ca^citor  electric  field  relationship 


Where  a  is  the  ion  space  charge  layer  density  (C/m?)  and  Cq  is 
the  permittivity  constant.  For  an  applied  voltage  of  500  kv 
over  a  2.54  cm  gap  (E  =  +2  x  10’  V/m) ,  field  cancellation (E  = 
0)  occurs  if  o  =  E6o=  1.77  x  10'^  C/m  or  an  ion  sheath 
consisting  of  1.1  x  10“  ions/nf .  To  create  conplete  field 
reversal  with  an  electric  field  strength  of  E  =  -2  x  10’  V/m 
(which  is  sufficient  for  the  onset  of  field  emission  from  the 
"anode”  surface)  it  takes  twice  that  value  or  2.2  x  10^® 
ions/m?.  When  this  value  is  achieved,  unipolar  arcing  can 
occur  and  a  plasma  layer  forms  in  front  of  the  anode. 

A  variation  to  the  model  presented  by  Willis  [Ref  .4]  is 
that  one  of  the  many  monolayers  is  desorbed  from  the  anode 
surface  and  like  that  v^ch  occurs  on  the  cathode  the  neutrals 
travel  away  at  an  average  speed  of  470  m/s.  These  neutrals 
are  then  ionized  by  several  means  including  the  high  energy 
(500  keV)  electron  energy  flux.  This  sets  off  a  chain  of 
events  vdiich  leads  to  the  formation  of  an  ion  sheath  vbich  has 
a  greater  potential  than  the  anode. 
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It  is  not  believed  that  the  high  energy  electron  flux  by 
itself  can  cause  sufficient  ionization  of  the  neutral  cloud  in 
frCTit  of  the  anode  to  create  field  reversal.  Hiis  is  because 
of  the  small  cross  section  of  ionization  at  such  high 
energies.  One  way  to  estimate  the  ionization  rate  created  by 
the  high  energy  electrons  is  to  assume  that  the  cathode  flare 
produces  a  flux  of  electrons  that  is  large  enough  to  become 
space  chaupge  limited.  So  applying  equation  2.3,  we  can 
estimate  a  current  daisity  of  Jci=  1  .27  X  10®  A/nt*.  Hiis  is 
equivalent  to  an  electron  flux  of  Fe  =  7.9  x  10^®  e'/n^-s.  For 
many  gases  the  cross  section  of  ionization  by  high  energy 
electrons  is  ®  10’“  m?  [Ref  .7]  .  with  the  same  average  density 
of  the  neutral  cloud  as  calculated  for  the  cathode  of  rio  =  4.7 
X  10^®  particles/trf,  the  electrons  mean  free  path  is  A,  =  l/n^o 
=  2  X  10’^  m.  Hiis  is  a  long  mean  free  path  and  ionizes  the 
A.7  thick  cloud  with  an  efficiency  of  ii  =  4 . 7  /xm  /A,  =  2.35 
X  10'^  ionizations/e’.  The  ionization  rate  is  then  Riotuzation= 
TfFe  =  1.86  X  10^^  ionizations/nf-s  or  on  a  nanosecond  time  scale 
Rioni2atian=  1  •  86  X  10^^  ionizations/irf -ns .  At  this  rate,  even  if 
the  ions  were  stationary  (flight  time  to  the  anode  is  =  10  ns) , 
it  would  take  at  least  120  ns  to  create  an  ion  sheath  of  2.2 
X  10^®  ions/irf  (required  for  a  2  x  10’  V/m  field  reversal)  .  So 
it  is  necessary  that  there  be  other  ionizing  sources  and 
mechanisms  that  must  take  place  to  ^)eed  up  field  reversal. 

A  plausible  sequence  of  events  leading  to  field  reversal 
is  described  here.  There  are  actually  two  other  ionization 
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mechaniaws.  The  first  is  ionizing  radiation  created  in  the 
cathode  plaana.  Particularly  effective  is  radiation  in  the 
ultra  violet  band.  The  exact  amount  of  ionizing  radiation 
produced,  however,  is  unknown.  The  other  ionization  source  is 
seccndary  electxxxis  produced  by  any  of  the  ionization 
processes .  These  electrons  aure  much  slower  than  the  high 
energy  flux  electrons  so  they  are  a  much  more  efficient 
ionization  source  for  nearby  neutrals  in  the  cloud.  More 
inportantly,  these  electrons  are  produced  at  a  location  that 
is  initially  about  100  V  lower  than  the  anode,  so  they  strike 
adsorbed  neutrals  still  on  the  surface  with  100  eV.  The  cross 
section  of  ionization  for  air  molecules  by  100  eV  electrons  is 
=10*2° irf  [Ref  .7]  or  100  times  that  of  500  keV  electrons.  Based 
on  the  assumed  adsorbed  (still  on  the  anode  surface)  neutral 
density  of  Oo=  2.2  x  10”  m*^,  we  know  that  the  spacing  between 
neutrals  is  ~2  x  10*^°  m.  Therefore  the  volumetric  density  of 
adsorbed  neutrals  is  n  =  0^/2  x  10'”  m  =  10^®  m’® .  With  the 
cross  section  of  the  neutrals  to  the  100  eV  electrons  being 
10*2°  rr?,  the  corresponding  mean  free  path  of  the  secondsury 
electrons  in  the  adsorbed  "swanp"  is  A,  =  l/no  »  10  angstroms. 
This  is  about  the  thickness  of  several  monolayers  of  neutrals. 
So  almost  every  secondary  electron  will  ionize  a  surface 
neutral  and  on  the  average  they  would  be  e:q)ected  to  penetrate 
several  monolayers  before  ionization  will  occur.  The  imbedded 
ions  are  then  pulled  toward  the  cathode.  They  will  likely 
collide  with  a  number  of  neutrals  on  their  way  off  the 


surface.  Momentum  transfer  here  is  very  efficient  because  of 
the  like  sizes  of  the  ions  and  the  adsorbed  neutrals.  The 
added  energy  will  overcome  the  Van  der  Waals  bonds  and  there 
will  be  a  burst  of  neutrals  from  the  surface.  Ihis  will 
greatly  increase  the  neutrcd  density  in  the  cloud  above  the 
anode  and  avalanche  ionization  can  be  e:q)ected  by  the 
ionization  means  discussed  earlier.  Ihis  process  is  shown  in 
Figures  3.7  and  3.8. 
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Flgur*  3.7  Positive  Sheath  Development  at  the 
Anode.  Secondary  electrons  efficiently  ionize 
desorlDed  neutrals  on  the  anode  surface. 


Flgu3:a  3.8  Ionized  neutrals  iirbedded  in  the 
neutral  "Swanp"  are  pulled  toward  the  cathode  and 
collide  with  neutrals  on  their  way. 


After  ionization  becomes  sufficient  for  field  reversal,  the 
diode  should  have  a  voltage  profile  similar  to  Figure  3.9. 
Note  the  raised  potentials  neau:  the  electrode  surfaces.  The 
straight  line  is  vAiat  the  poteitial  would  be  in  the  absence  of 
the  plasma  sheaths  in  the  gap.  The  slow  ions  created  by- 
ionization  of  the  neutrals  provide  the  space  charge  layers 
(and  higher  potentials)  in  front  of  both  the  anode  and  the 
cathode. 


Figure  3.9  Schematic  of  the  Diode  Potential 
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I.  A  TEMI  FRDICTIGN  OT  ANDDB  flARIS 

By  IcxjJcing  at  the  duration  times  of  the  individual 
processes  involved  in  the  formation  of  anode  flares  as 
described  above,  it  is  possible  to  obtain  an  order  of 
magnitude  estimate  of  the  time  interval  between  onset  of  the 
cathode  flcu:e  and  onset  of  the  anode  flare.  The  initiating 
event  at  the  anode  is  the  onslaught  of  the  high  energy 
electrons  and  ionizing  radiation  into  the  already  existing 
neutral  cloud.  The  electrons  are  highly  relativistic 
travelling  at  ^0.9  c,  so  travelling  across  the  2.54  cm  ga^, 
both  ionizing  sources  reach  the  anode  in  less  than  l/lO  of  a 
nanosecond.  The  slow  secondary  electrons  accelerated  by  a  100 
V  potential,  from  5  /xm  away  from  the  anode  travel  for  only 
1/1000  of  a  nanosecond  before  striking  and  ionizing  neutrals 
on  the  anode  surface.  These  ions,  imbedded  in  the  "swanp”  of 
neutrals,  cure  initially  accelerated  in  the  direction  of  the 
cathode  by  an  electric  field  of  E  =  2  x  lO’^  V/m.  This  gives 
an  oxygen  ion  an  acceleration  of  a  =  1.25  x  10^^  m/s^,  so  the 
time  to  travel  from  rest  a  distance,  s,  is 


3.3 


The  ion  sheath  must  be  located  above  the  whisker  tip  in  order 
for  it  to  cause  field  reversal  on  the  whisker.  So  both  the 
imbedded  ions  and  the  surroianding  neutrals  must  clear  a 
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typical  whisker  tip  distance  of  s  *  1  /an  before  field  reversal 
can  take  place.  Applying  equation  3.3  to  the  ions  gives  a 
time  of  flight  for  the  ions  to  a  distance  above  the  vdiisker 
tip  of  0.126  nanoseconds.  For  any  neutrals  that  have  not  yet 
been  ionized,  their  transit  time  to  the  sheath  area  can  be 
estimated  by  assuming  they  have  at  least  an  average  speed  of 
470  m/s.  Travelling  with  this  speed  it  will  take  the  neutrals 
about  2  ns  to  enter  the  sheath.  Because  of  avalanche 
ionization  conditions,  we  would  estpect  most  of  these  neutrals 
to  be  ionized  before  that  time,  but  it  is  a  good  high  end 
estimate.  The  neutral  travel  time  above  the  whisker  tip  can 
then  be  considered  the  limiting  event.  We  can  therefore 
expect  anode  plcisma  formation  between  0.1  and  2  nanoseconds 
of  the  cathode  flare. 
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IV.  B3CTRZMBIT 


A.  OVSRVIXN 

This  experiment  is  designed  to  determine  the  time  scale  of 
five  irrportant  plasma  formation  pcurameters.  Ihe  parameters  to 
be  measured  were:  diode  voltage,  diode  current,  anode  and 
cathode  light  pulses,  and  the  breakdown  x-ray  signal.  The 
seti.5>  was  used  for  two  different  e:q)eriments;  one  studying 
the  tertporal  response  of  visible  light  produced  at  the  anode 
and  cathode,  and  the  second  stucfying  the  correlation  between 
visible  light  produced  at  the  cathode  and  the  resiilting  x-ray 
pulse  that  occurs  vhen  the  electrons  emitted  from  the  cathode 
plasma  reach  the  anode.  Both  experiments  coctpare  the  onset  of 
plasma  formation  to  the  voltage  pulse  onset  and  relate  these 
to  the  model  in  Chester  III. 

The  need  to  determine  all  five  parameters  on  the  same 
firing  of  the  flash  x-ray  (FXR)  machine  made  the  seti^)  very 
conplex.  To  sinplify  the  description,  the  eaperimental  setip 
is  divided  into  electrical,  optical  and  x-ray  conponent 
setips.  Two  different  cptical  setvps  were  used  to  record 
data.  Both  setips  sure  described  below. 
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B.  BXFBaMBnAL  SETUP 

1.  BguipDBKXt  and  Zjaborat<»y  Layout 

This  esqjeriinent  was  performed  at  the  Naval 
Postgraduate  School  (NPS)  Flaish  X-ray  (FXR)  facility  using  a 
Physics  International  CJoirpany  Pulserad  112A  Flash  X-ray 
machine.  A  layout  of  the  FXR  facility  is  shown  in  Fig  4,1 
[Ref  .8]  .  The  pulserad  112A  generates  voltage  pulses  with 
pulse  durations  of  20-25  nanoseconds  full  width  half  maximum 
(FWHM)  and  peak  voltages  between  600  kV  and  1.6  MV  across  a 
high  vacuum  (10‘®  -  10‘®  Torr)  diode.  Ihe  diode  gap  for  the 
pulserad  is  2.54  cm,  and  the  cathode  is  stainless  steel.  The 
anode  used  was  15  mil  tantalum  for  x-ray  creation.  Later,  a 
solid  stainless  steel  anode  was  used  to  further  examine  the 
anode  and  cathode  light  pulses  and  damage  mechanisms.  For  a 
conplete  description  of  the  Pulserad  112A  see  [Ref  .9]  . 

The  diode  voltage  was  measured  by  PIM  197A25  voltage 
divider  and  the  diode  current  was  measured  by  a  PIM199B  B-dot 
sensor,  both  made  by  Physics  International.  The  signals  from 
these  monitors  were  measured  by  Tektronix  7104  1  <3iz 
oscilloscopes  and  Tektronix  Digital  Camera  Systems  (DCS)  .  The 
voltage  signal  required  46dB  attenuation,  and  the  current  20dB 
attenuation  to  be  viewed  on  the  oscilloscopes.  The  absolute 
magnitudes  of  these  signals  have  significance  in  this 
experiment  so  they  must  be  calculated  based  on  the 
oscilloscope  trace.  Actual  diode  voltage  is  determined  by  Vac= 
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320  V,eop«  and  diode  current  is  determined  by  I«:[kA]  =7.31 
V,eoi»  [Ref. 9]  . 

Fast  rise  time  (0.4  ns)  photo  detectors  with  optical 
fiber  input  were  used  to  measure  the  plasma  light  signals,  and 
a  foil  shielded  photodetector  (400  ps  rise  time  )  was  used  to 
measure  the  x-ray  pulse.  Hie  anode,  cathode,  and  x-ray 
signals  were  measured  using  two  Tektronix  DSA  602A  digital 
signal  analyzers  (DSA)  with  1  GHz  bandwidth.  Table  4.1  shows 
the  detection  and  measurement  equipment  used  and  its  inportant 
cperating  characteristics. 
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4.1  DETIECnCN  AND  MEASURING  BQUIEMENT  USED  FCSl 
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2.  Signal  Procaaalng  CGofiguratlGn 

The  signal  processing  arrangement  allowed  sinplified 
data  acquisition  of  five  almost  simultaneous  waveforms.  A 
Stanford  Research  Digital  Delay  Generator,  DG-535,  was  used  to 
synchronize  the  timing  of  the  wave  forms.  Figure  4.2  shows  a 
schematic  drawing  of  the  signal  processing  setip. 

To  synchronize  the  time  scales  of  the  measured 
waveforms,  the  oscilloscopes  and  DSAs  had  to  be  externally 
triggered  before  arrival  of  their  signals.  The  Marx  Bank 
voltage  was  used  ais  the  base  trigger  because  it  occurs  about 
100  ns  before  the  measured  diode  end  events.  The  Marx  signal 
then  triggers  the  delay  generator,  DG  535,  which  in  turn 
triggers  each  oscilloscope  or  DSA.  The  delays  on  the  DG-535 
are  set  based  on  a  timing  procedure  covered  in  the  "timing" 
section.  This  arranganent  insures  that  the  start  time  for 
each  oscilloscope/DSA  is  the  same. 
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3.  Optical  Setup  1 

Ihe  configuration  of  optical  setLp  1  is  shown  in 
Figure  4.3.  The  seti^p  used  two  lyfev  Focnis,  Model  1601, 
photodetectors  to  ccaivert  the  light  signal  produced  at  the 
anode  and  cathode  into  an  electrical  signal  vhich  could  be 
recorded  by  the  DSA.  The  detectors  were  housed  in  a  half  inch 
thick  aluminum  bsunrel  to  reduce  electromagnetic  noise.  They 
were  biased  to  ±  15  V  and  their  outputs  were  connected  to 
heavily  shielded,  high  frequency  capable,  coaxial  cables. 
Each  fiber  optic  bundle,  0.125  inches (0.318  cm)  in  diameter 
and  six  feet  (183  cm)  long,  had  one  end  coupled  to  the 
photodetector's  optically  sensitive  curea.  The  other  end  was 
fed  through  drilled  holes  of  a  lead  brick.  The  lead  bricks 
were  needed  to  prevent  x-rays  from  registering  on  the  light 
detectors.  This  is  discussed  in  greater  detail  in  Section  D 
of  this  chapter.  The  protruding  ends  of  the  fiber  optic 
cables  were  then  separated  by  a  1/4  inch  thick  aluminum  plate 
vAiich  was  placed  flush  against  the  vacuum  chamber  window  and 
centered  on  the  middle  of  the  diode  gap.  This  plate  served  to 
block  light  produced  on  the  cathode  surface  from  entering  the 
fiber  optic  cable  positioned  to  receive  light  from  the  anode 
and  vice  versa. 
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4.  Optical  Setup  2 

To  avoid  alignment  and  reflection  problems  that  could 
arise  in  seti:p  1,  an  even  more  stringent  method  was  used  to 
distinguish  light  sources.  It  involved  the  placement  of  an 
opaque  nonconducting  (poly  vinyl  chloride  )  disk  between  the 
two  electrodes .  The  disk  fit  snugly  inside  the  vacuum  chamber 
and  had  a  hole  in  it  sli^tly  larger  than  the  anode  and 
cathode  diameters.  The  tantalum  foil  anode  was  replaced  by  a 
stainless  steel  bar  exactly  the  same  size  and  shape  as  the 
cathode  bcu:.  In  this  way  geometrical  symmetry  was  achieved. 
The  PVC  disk  was  centered  between  the  electrodes  and  peurallel 
to  their  facing  surfaces.  The  fiber  optic  bundles  were  fed 
through  lead  bricks  as  in  seti;p  1  and  pointed  straight  forward 
on  either  side  of  the  disk  so  that  light  produced  on  one 
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electrode  would  be  effectively  blocked  by  the  disk  from 
observation  by  the  wrong  detector.  A  schematic  is  shown  in 
Figure  4.4. 


END  VIEW 


TOP  VIEW 


5 .  X-ray  Setup 

X-ray  signal  detection  and  mectsurement  was  the  one 
procedure  that  had  not  been  done  in  previous  plasma  formation 
experiments  and  the  NPS  FXR  facility.  Finding  the  right 
detection  equipment  required  consultation  with  some  detector 
•'esqjerts'',  and  considerable  trial  and  error.  Scintillation 
type  detectors  were  considered,  but  ruled  out  due  to 
difficulties  in  eliminating  extraneous  signals .  CJonsultations 
with  Mr.  George  Berzins  at  Los  Alamos  National  Laboratory,  and 
Mr.  Ray  Muller  at  Harmematsu  Ctorp.  indicated  that  a  biased  PIN 
photodiode  could  be  used  if  we  were  interested  only  in  the 
time  resolution,  and  not  dose  or  frequency  information.  After 
trying  a  few  detectors,  the  Lasermetrics  Series  3117  Type  I 
silicone  photodiode  with  a  0.4  ns  rise  time  was  selected  as 
the  most  cost  effective  solution. 

Previous  experiments  at  the  FXR  by  Pietruszka  [Ref .  15] 
and  Galarowicz  [Ref. 8]  indicated  placement  of  the  detector 
along  the  axis  of  the  FXR  for  cptimal  signal  reception.  The 
detector  was  shielded  with  household  aluminum  foil  to  keep  out 
visible  light,  and  reduce  electromagnetic  noise.  Final  diode 
positioning  was  then  determined  by  taking  a  series  of  shots  at 
different  distances  and  voltages  to  get  the  optimal  signal  to 
noise  ratio  without  saturating  the  detector.  In  the  operating 
range  of  the  detector,  the  signal  size  was  foimd  to  be 
proportional  to  the  radiation  dose  received,  so  conparing 
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relative  magnitudes  of  the  signals  was  possible.  The  Marx 
voltages  selected  for  the  experiment;  55  kV,  75  kv  and  100  kV 
required  the  detector  to  be  placed  at  5  in.  (12.7  cm) ,  11  in. 
(27.9  cm),  and  31  in.  (78.7  cm)  respectively  from  the  end 
plate  of  the  FXR.  Doses  at  75  kV  and  100  kV  were  also  reduced 
by  the  use  of  a  1/2  inch  (1.27  cm)  lead  shield  with  a  1/2  inch 
(1.27  cm)  aperture  along  the  axis  of  the  diode.  This  was  done 
to  avoid  detector  saturation.  The  detector  was  aligned  with 
the  diode  axis  using  the  marked  geometric  center  of  the  diode 
and  a  straight  steel  rod.  Because  of  the  collimation  involved 
by  the  aperture,  variations  of  a  few  millimeters  off  the  axis 
of  the  diode  were  uninportant  ei^cially  since  we  were 
obtaining  only  timing  information  from  the  signal .  Figure  4 . 5 
shows  a  side  view  of  the  X-ray  detection  setijp  at  the  diode 
end  of  the  FXR. 


Figurs  4.5  Photograph  of  Vacuum  Chanber  (Left)  and 
X-ray  Detector  Set\:p  (Right) 
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C.  PROCmiRlS 

1.  Tlnlng 

Ensuring  that  all  of  the  recorded  waveforms  were 
synchronized  was  a  crucial  psurt:  of  the  data  collection  effort . 
Our  method  of  synchronization  catpensated  for  all  time 
differences  in  the  transmission  line  -  oscilloscope  systems  to 
include  time  base  and  response  time  characteristics  of  the 
oscilloscopes  and  the  length  and  inpedance  differences  of  the 
transmission  cables.  To  do  this  we  used  a  Ifewlett  Packard 
pulse  generator  to  send  a  20  ns  pulse  down  the  transmission 
cables  of  two  of  the  measuring  devices  (eg.  x-ray  and  light) 
simultaneously.  We  then  conpared  the  recorded  onset  times  of 
the  pulse  and  adjusted  the  delay  generator  so  that  they 
occurred  at  the  same  time  (  within  0 . 3  ns) .  Because  we  could 
synchronize  only  two  transmission  line  -  oscilloscope  systems 
at  one  time,  we  established  the  x-ray  -  DSA  system  as  the  base 
system  and  synchronized  the  other  three  to  it.  In  this  way 
they  were  all  synchronized  to  each  other.  We  chose  the  x-ray 
line  -  DS?.  system  ais  the  base  because  it  has  the  shortest 
cable  length,  hence  its  delay  could  remain  zero  and 
synchronization  could  be  acconplished  by  adding  delays  to  the 
other  systems.  We  performed  our  timing  in  the  following 
manner: 

In  the  Diode  Room 
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1.  Attach  two  coaxial  cables  of  the  same  length  to  a  "T" 
connector  and  attach  the  "T”  connector  to  the  outpait  BMC 
connector  of  the  pulse  generator. 

2.  Attach  one  end  of  a  cable  to  the  trigger  output  of  the 
pulse  generator  and  the  other  end  to  an  unused  twisted  coaxial 
cable. 

3.  Put  following  settings  on  the  pulse  generator:  Pulse 
width  -  20  ns,  mode  -  manual  trigger,  attenuation  -  5dB, 
trigger  advance  -  140  ns,  wave  sh^se  -  square. 

4.  Attach  one  of  the  signal  output  cables  to  the  x-ray 
detector  cable,  and  attach  the  other  output  cables  to  the 
cable  of  the  system  you  wish  to  synchronize  (i.e.  voltage, 
current  or  light  detector  cables) .  Note;  you  must  ranove  the 
attenuators  from  the  voltage  and  current  cables  first  or  the 
signal  will  be  too  small. 

In  the  RF  Protected  Cage 

5.  ROTOve  the  Marx  charge  line  from  the  trigger  input 
connector  of  the  Delay  generator  and  replace  it  with  the  other 
end  of  the  coaxial  cable  mentioned  in  step  2. 

6 .  Ensure  oscilloscope/waveform  digitizers  (DSAs)  are  set 
to  1  V/div,  10  ns/div  and  external  trigger.  Then  put  the  DCS 
in  the  acquire  mode. 

7.  Set  all  delays  to  zero  on  the  delay  generator. 

8.  Manually  trigger  the  pulse  generator  and  compare  and 
record  onset  times  of  the  acquired  waveforms.  Note,  disregard 
waveforms  with  ambiguous  onset  times. 
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9.  Adjust  the  delay  generator  corresponding  to  system 
being  synchronized  to  match  the  difference  recorded  in  Step  8 . 

10.  Trigger  the  pulse  generator  again  and  cotipare  onset 
times.  If  the  difference  is  less  than  0.3  ns,  the  two  systans 
are  considered  to  be  synchronized.  Qiange  cable  connections 
and  repeat  st^s  8  and  9  to  synchronize  another  systan.  If 
the  difference  in  the  onset  times  is  greater  than  0.3  ns, 
adjust  the  delay  generator  half  the  difference  and  repeat 
steps  8,  9  and  10  until  the  difference  is  less  than  .3ns. 

After  completing  these  steps  all  cable  -  scope  systems  are 
accurately  synchronized  but  you  must  add  25  ns  (55  kV  shots) 
and  125  ns  (75  kV  and  100  kV  shots)  to  all  of  the  systarvs  on 
the  delay  generator  to  ensure  the  waveforms  appear  on  the 
screen  when  triggered  by  the  Marx  voltage  signal .  In  addition 
you  must  apply  the  following  timing  corrections  to  account  for 
transit  times  of  the  light  and  x-rays. 

2.  Optical  Deli^  Oozrectlooas 

To  compensate  for  the  transit  time  of  the  light  signal 
from  the  plasma  in  the  diode  chantoer  to  the  photodetectors  an 
cptical  delay  correction  must  be  ^plied.  The  light  produced 
on  the  electrodes  must  travel  a  distance,  d  ,  of  6  inches (15.2 
cm)  in  the  vacuum  chamber  (index  of  refraction  =1)  to  the 
window  (transit  time  through  the  window  is  negligible)  and  an 
additional  3  inches  (7.63  cm)  in  air(n  =  1)  beyond  that  to  the 
end  of  the  6  foot  (183  cm)  long  fiber  optic  cable  vdiich  has  an 
index  of  refraction  of  n  =  1.62.  Using  the  relation  t  =  dn/c. 
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«diere  c  is  the  ^jeed  of  light,  for  the  two  mediixns  yields  a 
correcticari  of  t  =  10.7  ns.  This  delay  must  be  added  to  the 
delay  generator  for  the  lig^t  system. 

3.  X-ray  Delay  CJocrectloos 

X-rays  produced  on  the  anode  must  travel  to  the  x-ray 
detector  located  a  certain  distance  behind  the  anode.  The 
position  varied  between  1  and  3  feet  depending  on  the 
magnitude  of  the  voltage  shot  being  measured.  This  resulted 
in  x-ray  delay  corrections  between  1  and  3  nanoseconds. 

4.  Data  Acquisltlcn 

To  obtain  the  desired  waveforms,  the  Marx  Bank 
capacitors  must  be  charged  in  peurallel  and  released  in  series 

across  the  diode  gap.  To  ensure  this  is  done  properly,  the 

following  checklist  should  be  used. 

1 .  Reconnect  all  cables  and  attenuators  that  were 
disconnected  during  the  timing  process. 

2.  Turn  on  and  properly  bias  the  photo  and  x-ray 

detectors . 

3 .  Reset  the  voltage  levels  on  the  oscilloscopes/DSAs  and 
put  them  in  the  acquire  mode. 

4 .  Set  the  pressures  on  the  control  switches  in 

accordance  with  the  pressure  chart. 

5.  Charge  the  Marx  Bank  by  turning  on  all  power  switches, 
turning  the  keys  and  depressing  the  charge  buttons. 

7.  Once  the  Marx  Bank  is  charged  to  the  voltage  you  have 
preselected,  the  reacfy  light  will  come  on.  Press  the  trigger 
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button  and  the  voltage  will  be  released  across  the  diode.  All 
wave  forms  will  appear  on  the  oscilloscopes/DST^ .  For  this 
experiment,  one  set  of  ten  shots  was  done  at  each  of  three 
different  voltages;  55  kV,  75  kV,  and  lOO  kV  (Marx  Bank 
Charge)  .  Ihese  charging  voltages  correspond  to  a^roximate 
peak  diode  voltages  of  .6  MV,  l  MV  and  1.2  MV  respectively. 
Averages  were  taken  on  the  ten  shots  to  determine  onset  times. 
Additionally  one  shot  was  fired  with  opaque  black  tape 
covering  the  fiber  optic  cable  ends  and  lead  bricks  shielding 
the  x-ray  detector  at  each  Marx  voltage  to  meaisure  the  noise 
generated  in  the  photo  and  x-ray  detectors.  We  will  refer  to 
these  shots  as  "Blackout"  shots  from  now  on. 


D.  BXPERIMDIIAL  GQNC3ERMS 

1.  EloctroDBagnetic  Noise 

As  with  previous  experiments  at  the  NFS  FXR, 
electromagnetic  noise  proved  to  be  a  troublesome  problon  to 
overcome.  By  using  many  of  the  techniques  mentioned  in 
previous  work  [Ref. 3, 4],  such  as  extensive  use  of  aluminum 
foil  for  RF  shielding  and  the  placement  of  the  photodetectors 
as  far  away  from  the  vacuum  chamber  as  possible,  the  noise 
prcA)l«n  became  manageable .  Another  successful  iirprovanent  we 
made  to  the  system  configuration  was  to  attenuate  the 
relatively  high  voltage  signals  (diode  and  Marx  voltages)  at 
the  source  rather  than  at  the  oscilloscope.  This  reduced  the 
amount  of  noise  pickup  in  the  transmission  lines  of  the  photo 
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and  x-ray  detectors.  Hie  aluminum  barrel  housing  used  for  the 
photodetectors  also  helped  reduce  E&M  noise  though  it  was  more 
effective  in  attenuating  x-rays. 

2 .  Str«/  X-n^ 

As  discussed  eaurlier  X  radiation  can  produce  a  laurge 
signal  an  silicon  diode  photodetectors  designed  to  measure 
visible  li^t.  Even  with  the  photodetectors  more  than  six 
feet  away  from  the  vacuum  chamber,  x-rays  produced  a  sizable 
signal  on  the  photodetectors.  TO  Block  the  x-rays  from 
reaching  the  detectors,  we  stacked  two  inch  thick  lead  bricks 
in  front  of  the  detectors.  Surprisingly  this  only  slightly 
alleviated  our  problem.  Through  trial  and  error  we  found  it 
necessary  to  block  the  x-rays  from  irradiating  the  fiber  optic 
cables  \^ich  have  a  metallic  casing.  This  was  accottplished  by 
laying  the  cables  in  a  lead  tray  and  shielding  on  the  sides 
with  lead  bricks. 

3.  Oithodw  VB  Anode  Llg^t 

A  major  concern  in  this  experiment  is  that  of 
discerning  vhere  the  light  is  produced.  That  is,  having 
confidence  that  the  light  produced  at  one  electrode  registers 
only  in  the  detector  meant  for  that  electrode.  This  proved 
very  difficult,  because  of  the  vacuum  chamber  geometry.  Many 
methods  were  attenpted  including  the  lens  method  similar  to 
that  used  in  [Refs. 3, 4]  but  intuitively  and  through  experiment 
this  proved  unacceptable.  A  promising  method  of  enploying 
thin  slits  in  a  thick  opaque  material  to  limit  the  field  of 
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view  of  the  detectors,  proved  unacceptable  because  the 
resultant  light  signals  were  too  small  to  confidently 
determine  onset  times.  The  divider  method  described  in 
optical  setup  1,  if  aligned  prcperly,  successfully  prohibits 
direct  observation  of  the  wrong  electrode  flares,  but  probably 
does  allow  substantial  reflected  light  from  one  electrode  to 
enter  the  other  detector.  Optical  setup  2,  with  the  EVC  disk 
inserted  between  the  electrodes,  makes  inadvertent  direct 
c±>servation  of  the  wrong  electrode  nearly  impossible  and 
reduces  the  amount  of  reflected  light  to  a  minimum.  However 
the  disk  is  intrusive  to  the  vacuian  chaiiber  where  the  plasma 
is  formed  and  could  influence  the  observed  phenomena. 
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V.  RBSDLTS/EAIA 

JV.  OVERVIEW 

As  mentioned  earlier,  two  seti^s  were  enployed  in  an 
effort  to  effectively  differentiate  the  anode  and  cathode 
light  soiirces.  The  first  method  (setip  1)  using  an  external 
separating  plate  for  the  two  fiber  optic  bundles  proved 
unsuccessful  in  this  respect.  Of  the  scores  of  data  runs 
taken  using  this  seti;p,  only  a  few  showed  what  appeared  to  be 
minute  differences  in  onset  times  for  the  anode  and  the 
cathode  light.  At  the  time,  we  believed  this  meant  that  the 
actual  differences  in  onsets  were  less  than  one  nanosecond. 
However  after  taking  data  with  setup  2,  and  consistently 
measuring  not  only  onset  time  differences  but  large  intensity 
differences  in  the  light  produced,  we  feel  that  setup  1  did 
not  perform  as  designed.  Nevertheless  the  data  taken  using 
setvjp  1  is  valuable,  because  it  still  accurately  records  light 
signal  onset  vrtiich  can  be  conpared  to  the  other  inportant 
parameters  measured  in  the  experiment.  Callahan,  provides  an 
excellent  analysis  of  this  data  in  his  work  [Ref  .16]  .  Here 
only  the  voltage  and  light  waveforms  will  be  analyzed. 

The  results  recorded  in  this  chapter  are  listed  separately 
by  v^ch  setrp  was  «iployed.  A  special  section  has  also  been 
included  to  discuss  some  unexpected  phenomena  which  coiild  be 


47 


of  interest  to  planar  diode  physics  but  are  not  believed  to 
have  direct  consequence  on  the  focus  of  this  paper. 


B.  TXPICaVL  HKVB  FORMS  (SET  BP  1) 

Ten  data  runs  and  one  blackout  (black  ta^  covering  the 
fiber  optic  cable  ends)  run  were  taJcen  for  each  Marx  bank 
voltage,  55  kV,  75  kV  and  100  kv  voltages.  Diode  voltage, 
light,  and  blackout  signals  are  shown  below  in  figures  5.1 
through  5.9.  Light  signals  in  these  figures  cire  deliberately 
not  labelled  anode  and  cathode  so  as  not  to  be  misleading, 
becaxise  it  is  not  believed  that  the  set\:?>  adequately 
distinguished  the  two  light  sources. 

55  kV  Marx  Voltage  Shots 


Figure  5.1  Diode  Voltage  for  a  55  kV  Marx  Shot. 
Onset  is  denoted  by  the  left  tick  mark  at  29  ns. 
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LIGHT  S5  KV  BLACKOUT 


Figure  5.3  Blackout  Li^t  Shot  at  55  kV 
Mazx  Voltage.  Fiber  optic  cable  ends 
were  cx>vered  with  blacac  tape. 


For  the  55  kv  Marx  run  shown  in  Figures  5. 1-5. 3,  the  onset 
times  for  the  light  signals  cx:cur  9  nanoseconds  after  the 
voltage  onset.  Ihe  two  light  signals  are  relatively  small,  but 
definitely  distinguishable  above  the  very  small  background 


noise. 


50 


. ; . 

;  1 

> 

Ha. 

i  J. 

; 

: AcfliF 

(i:  Scr 

il  14: IB: 11  1993 

Vi:-2.9(iU  Tl:  32.9ii  metis  IU:~3.23l  IT:  23. lit 


Figure  5.4  DiocJe  Voltage  for  c  75  kV  Marx  Shot.  Onset 
occurs  at  33  ns. 
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Figurs  5.9  Lic^t  Blackout  Signal  for  a 
100  kV  Shot.  Pull  down  begins  at  74  ns. 
Rise  after  pull  down  stcur^s  at  89  ns. 


Fbr  this  100  kV  Marx  voltage  shot,  shown  in  Figures  5. 6-5. 9, 
the  difference  in  onsets  is  5  ns.  The  blackout  signal  is  not 
small  but  as  with  the  75  kV  shots,  the  rise  after  the  pull 
down  occurs  well  aifter  the  onset  of  the  light  and  therefore 
will  not  affect  the  perceived  location  of  li^t  onset. 
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C.  •OBOUaED  DKTk  (SET  UP  1) 


All  C3nset  times  and  other  values  listed  below  were 
determined  by  magnifying  the  signal  with  the  zoom  feature  on 
the  DCS  or  the  magnify  features  on  the  DSA.  Averaged  values 
of  inportant  parameters  for  a  ten  run  sequence  are  listed  in 
tables  5.1  and  5.2  below. 


Table  5.1  AVERAGE  ONSET  TIME  DIFFERENCES  FOR  SETUP  1 


Msttc 

(light  onsets) 
Anode  vs  Cathode 

Cathode  Diode 

Light  vs  Voltage 

Timing 

Error 

55  kV 

-0.1  ns  * 

10.33  ns 

±1.2  ns 

75  kV 

+0.1  ns  * 

6.58  ns 

±1.2  ns 

100  kV 

-0.1  ns  * 

5.86  ns 

±1.2  ns 

★The  ” 

+  "  indicates  cathode  onset  before 

anode 

onset 

The  onset  times  for  the  anode  and  cathode  light  were  the  same 
for  every  data  run  except  one  in  each  groip  of  ten  trials, 
hence  the  0.1  ns  average  difference.  The  light  and  voltage 
onset  time  differences  became  smaller  with  the  higher  Msux 
voltages . 
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TBbl«  5.2  DIODE  VOLTAGES  AT  LIOTT  ONSET  AND  LIGHT  INmiSnY 
RATIOS  FOR  OPTION  SETUP  1 


Diode  Voltage 
Marx  g)  Light  anaet 

55  kV  401  kV 

75  kV  441  kV 

100  kV  304  kV 


Voltage  Li^t  Intensity  Ratios 
Error  _ Gath  ./Anode _ 

±54  kV  0.86 

±125  kV  0.67 

±230  kV  0.58 


All  of  the  ^jplied  voltages,  ♦  ,  in  Table  5.2,  corre^xjnd  to 
macroscopic  electric  fields  greater  than  the  estimated  10’  V/m 
needed  for  field  otdssion  to  occur.  Using  this  setup,  the 
anode  light  signal  was  always  slightly  larger  than  the  cathode 
signal.  This  was  probably  due  to  minor  detector  and  coupling 
differences.  The  signals  should  be  about  the  same  because  the 
detectors  in  this  seti;?)  were  for  the  most  part  "seeing”  the 
same  light.  For  this  same  reason  the  differences  in  onset  of 
anode-cathode  li^t  could  not  be  distinguished  using  setup  1 . 
Calculations  for  the  voltage  error  shown  above  are  contained 
in  /^^pendix  B. 
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D.  TmCKL  NKVB  FORMS  (SET  UP  2) 

With  this  seti:p,  in  vrfiich  a  disk  was  inserted  between  the 
anode  and  cathode,  the  light  signals  could  be  distinguished. 
Three  very  inportant  characteristics  can  be  seen  from  the 
Figures  5.10  -  5.12  below:  1)  There  is  always  a  discernible 
difference  in  onset  times  between  cathode  and  anode  light  and 
2)  the  cathode  light  signal  starts  with  a  slow  rise  for  1-2  ns 
and  is  followed  by  a  sharp  rise,  and  3)  The  cathode  light 
signal  is  much  larger  than  the  anode  light  signal  except  for 
the  85  kV  and  100  kV  shots.  Interpretation  of  these 
characteristics  is  described  in  the  Analysis  Chapter  of  this 
Work.  The  data  runs  were  all  accoiplished  in  one  day  in  the 
following  order:  75  kV  Marx,  100  kV  Marx,  55  kV  Marx,  and  85 
kV  Marx. 
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Figuxtt  5.10  Lig^t  Signal  for  a  55  kV 
Marx  Shot  (With  PVC  Disk) .  Catho^  light 
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figure  5.11  Light  Signals  for  a  75  kV 
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Figure  5.13  Light  Signals  for  a  100  kV 
Shot.  Cathode  onset  begins  at  25  ns  and 
ranps  at  28  ns.  Anode  onset  is  at  28  ns. 


B.  TABDLAIBD  DATA  (SET  DP  2) 

Light  onset  time  differences  between  the  two  electrodes 
were  averaged  for  each  Marx  voltage.  This  difference  did  not 
vary  much  based  on  Marx  voltage.  This  information  is  listed 
in  table  5.3.  Uhlike  the  case  of  setup  1,  in  seti^)  2  (with 
disk)  the  intensity  of  the  light  produced  at  the  anode  and 
cathode  were  significantly  different  for  the  55  kV  and  75  kV 
runs.  In  these  cases  the  cathode  light  signals  are  much 


greater  than  the  anode  signals.  Ihis  information  is  listed  in 
Table  5.4. 


Table  5.3  LIGHT  CNSET  TIME  COMPARISONS  PC^  SETUP  2 


Marv 

Onsets 

Cahh  vs  snnde 

an 

Onsets 

Anode  vs  Cath.Ranp 

55  kv 

1.4  ns 

0.55  ns 

0.2  ns 

75  Kv 

1.25  ns 

0.75  ns 

.083  ns 

85  kv 

1.5  ns 

0.71  ns 

N/A 

100  kv 

2.5  ns 

0.71  ns 

0 

The  data  in  Table  5 . 3  shows  that  the  anode  light  begins  1 . 4  ns 
after  the  cathode  light  for  a  Marx  charging  voltage  of  55  kV, 
1.25  ns  for  a  75  kV  Marx  voltage,  1.5  ns  for  an  85  kV  Marx 
shot  and  2.5  ns  for  a  100  kV  Marx  shot.  However,  the  anode 
light  begins  almost  simultaneously  with  the  cathode  fast  rise 
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ranp,  \idiich  we  associate  with  the  ionization  of  the  neutrals 
in  front  of  the  cathode.  This  is  explained  in  further  detail 
in  the  Analysis  Chapter. 


TablB  5.4  AVERAGE  LIGHT  SIGNALS  AND  RATIOS 


Average  peaks  Ratio 

Marx _ Cathode _ Anode  Cathode /Anode 


55  kV 

62.6  mV 

1.94  mV 

32 

75  kV 

321  mV 

14.8  mV 

22 

85  kV 

5  mV 

7  mV 

0.7 

100  kv 

11.7  mV 

22.6  mV 

0.5 

Both  light  signals  appear  to  be  si:ppressed  for  the  85  kV  and 
100  kV  runs.  The  magnitude  of  the  anode  light  signal  is 
greater  than  the  cathode  signals  for  these  runs  also.  For 
reasons  explained  in  the  Analysis  Chapter,  we  believe  the  data 
from  the  55  kV  and  100  kV  Marx  runs  to  be  most  representative 
of  typical  plasma  formation  on  the  electrodes. 
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F.  ADDITIGMAL  FINDINOS 

After  obtaining  the  data  using  setup  2  (with  the  PVC  disk 
in  the  charnber) ,  the  electrodes  were  removed  from  the  vacuum 
chairber  for  inspection.  What  we  discovered  was  very 
unexpected.  Ihe  anode  had  sustained  severe  damage  and  lost  an 
urprecedented  amount  of  material.  In  fact  it  had  a  large 
inverted  pyramidal  shaped  gouge  into  the  surface  about  .4  cm 
deep  with  a  .  7  cm  base .  The  cathode  in  turn  was  plastered  with 
the  anodic  material  that  was  ripped  from  the  anode. 
Photographs  of  the  electrode  surfaces  are  shown  in  Figures 
5 . 14  cind  5.15. 

In  previous  work  at  the  NPS  FXR,  the  anode  has  always 
sustained  very  little  damage.  Typically  the  cathode  sustains 
most  of  the  material  loss,  but  this  damage  is  orders  of 
mgnitude  less  than  the  anode  damage  observed  after  pulsing 
the  diode  with  the  PVC  disk  inserted.  For  conparison, 
photographs  of  the  tantalum  foil  used  in  setip  1  and  a 
stainless  steel  anode  used  by  Willis  [Ref. 4]  are  shown  in 
Figures  5.16  and  5.17.  The  surfaces  show  very  little  damage 
and  are  smooth  to  the  touch.  Photographs  of  both  sides  of  the 
PVC  disk  are  shown  in  Figures  5.18  and  5.19.  The  Cathode  side 
of  the  PVC  disk  is  clearly  scorched,  while  only  a  very  OTiall 
amount  of  discoloration  is  visible  on  the  side  facing  the 
anode. 

The  only  changes  made  to  the  diode  configuration  during 
the  time  the  anode  damage  occurred  were  the  insertion  of  the 
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PVC  disk  and  the  replacement  of  the  larc^  area  tantalum  foil 
anode  with  a  smaller  stainless  steel  anode.  To  isolate  vAiich 
change  caused  the  damage  to  occur,  we  removed  the  PVC  disk  and 
fired  the  machine  over  40  times  at  high  voltages.  No  damage 
to  the  anode  surface  like  that  shown  in  Figure  5.14  occurred. 
Tliis  indicates  that  the  PVC  disk  played  a  role  in  damaging  the 
anode. 


Figure  5.17  Stainless  Steel  Anode. 
Surface  is  only  slightly  roughened. 
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Figure  5.18  Cathode  Side  of  PVC  Disk 
scorched  aurea  of  the  inner  rim. 


VI.  AlALYSIS 


A.  OVBRViair 

Ebqjerimental  results  sq^xDrt  the  Desorbed  Neutral 
Ionization,  ENI,  model  as  it  applies  to  both  the  anode  and  the 
cathode  in  a  number  of  ways.  One  of  the  most  promising 
results  cire  the  very  accurate  timing  predictions  for  the  onset 
of  cathode  light  after  voltage  onset.  A  table  coiparing 
predicted  versus  experimental  results  is  in  the  next  section. 
The  sequence  of  events  predicted  by  the  model  is  borne  out  by 
measured  data.  The  models  covered  in  the  theory  chapter 
describe  sinplistic  versions  of  what  is  actually  the  result 
of  many  corqplex  and  simultaneous  events,  but  those  key 
measurable  events  v^ch  must  occur  in  orxier  in  fact  do. 
Specifically,  voltage  onset  is  followed  by  reaching  the  10'' 
V/m  threshold  for  field  emission  vdiich  precedes  light 
production  on  the  cathode  which  precedes  light  production  on 
the  anode.  All  this  is  in  agreement  with  the  E»JI  model. 
Another  important  finding  is  that  the  light  produced  on  the 
cathode  is  significantly  brighter  than  that  produced  on  the 
anode.  This  is  to  be  e^qpected  because  the  ionic  sheaths  near 
the  cathode  surface  is  assisted  by  the  applied  voltage  vrtiile 
the  ionic  sheath  neaur  the  anode  surface  must  overcome  the 
applied  voltage  to  set  up  unipolar  arcs. 


74 


B.  LIGHT  OKSET  PRBDICnOMS 

Hie  light  signals  recorded  in  optical  setijp  1  are  likely 
a  combination  of  both  anode  and  cathode  light.  Iheir  onset 
times  must  correspond  with  that  of  the  earliest  light 
produced.  It  was  discovered  in  setup  2  that  cathode  light 
occurs  first.  It  is  therefore  assumed  that  the  onset  times 
recorded  in  setip  1  are  in  fact  the  time  of  the  first 
measurable  light  produced  at  the  cathode.  The  time  delays 
between  voltage  onset  and  cathode  light  onset  predicted  by  the 
ran  model  in  chapter  III  are  conpared  to  those  measured  by 
experiment  in  Table  6.1  below. 

Table  6.1  LIGHT  ONSET  TIME  PREDICTIONS  FROM  FIGURES  3. 4 -3. 6 
VS  EXPERIMENTAL  MEASUREMENTS. 


Delay  times 
predicted 

Delay  times 
measured 

Measured 

error 

55  kV 

11  ns 

10  ns 

±1.2  ns 

75  kV 

7.5  ns 

6  ns 

±1.2  ns 

100  kV 

7.5  ns 

6  ns 

±1.2  ns 

The  measured  values  are  very  close  to  those  predicted  by  the 
ran  model.  The  measured  delays  are  1  to  1.5  ns  less  that  the 
predicted  values.  This  is  almost  within  the  1.2  ns  timing 
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error  window  (see  i^pendix  B  for  error  analysis)  .  It  is 
inportant  that  they  are  shorter  than  predicted  by  the  model 
because  of  the  assunptions  inherent  in  the  model .  One 
assurrption  is  that  the  neutrals  move  away  from  the  cathode 
with  an  average  speed  of  470  m/s.  But  the  velocity 
distribution  of  the  molecules  is  gaussian  so  many  molecules 
will  have  speeds  greater  than  470  m/s  (and  many  less) ,  and 
these  molecules  will  reach  the  ionizing  potential  a  little 
earlier.  A  similar  argument  must  be  made  for  the  100  V 
maximum  of  ionization  cross  section.  Though  it  is  not 
curbitrary,  ionization  cross  sections  at  slightly  less  energies 
say  70  eV  aire  still  appreciable  and  some  ionization  will 
occur.  So  for  these  reasons  it  is  more  lilcely  that 
experimental  delay  times  be  shorter  than  those  predicted. 

C.  SEQOBVCING 

The  sequence  of  measured  events  supports  both  the  hrf.  and 
I»II  models.  But  the  ranpir^  phenomena  on  the  cathode  light 
pulses  is  better  explained  by  the  ran  model .  Our 
interpretation  of  the  ranp  phenomena  is  that  the  typical 
initial  slow  rise  of  1  ns  of  the  cathode  signal  is  the  light 
created  by  the  ionization  of  the  neutral  cloud  and  that  the 
sharp  rise  or  ranp  is  the  resulting  cathode  flare.  This  makes 
sense  because  the  ionization  of  gas  at  near  atmospheric 
pressure  will  produce  an  easily  detectable  light  signal  but 
should  be  much  less  intense  than  the  light  from  the  following 
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explosive  like  plasma  formation  (cathode  flare)  .  A  time  line 
of  events  d^icting  measurements  and  their  corresponding 
interpretation  for  a  typical  55  kV  Marx  shot  is  shown  in 
Figure  6.1. 


Shot 


It  is  also  important  to  note  that  the  anode  light  occurs 
within  the  predicted  0-2  ns  range  after  the  cathode  flare.  It 
can  be  seen  from  table  5.1  that  the  anode  light  signal  onset 
coincides  not  with  the  cathode  onset  but  with  the  cathode 
ranp.  The  conclusion  therefore  is  that  anode  flaures  occur 


less  than  1  nanosecond  after  cathode  flares  but  1,5  ns  after 
onset  of  cathode  neutral  ionization. 

D.  LIGHT  miBBITIBS  AMD  OlATBRIllO 

As  mentioned  earlier,  the  light  produced  at  the  cathode 
for  the  55  kV  and  75  kV  Marx  shots  (Using  Setup  2)  was  much 
greater  (32X  and  22  X  respectively)  than  that  of  the  anode. 
This  is  not  a  result  of  differing  detector  sensitivity  because 
the  detectors  were  switched  for  approximately  half  the  shots 
with  the  same  result.  This  phenomenon  did  not  occur  for  the 
few  85  kV  and  100  kV  shots.  In  these  shots  the  anode  signal 
was  slightly  larger  than  the  cathode  signal,  but  both  signals 
were  much  smaller  than  would  be  expected  for  these  voltages. 
Past  ejqjerience  with  hundreds  of  shots  shows  that  the  light 
signal  actually  grows  with  increased  Marx  bank  voltage. 
Typical  light  signal  peaks  for  100  kV  shots  with  the  same 
detectors  and  the  same  fiber  optic  bundles  flush  against  the 
window  are  well  over  100  mV.  The  reason  for  the  loss  of  light 
signal  is  unclear.  Subsequent  shots  taken  after  ranoving  the 
disk  (and  replacing  the  damaged  anode)  showed  the  light  signal 
randomly  losing  and  regaining  its  intensity  for  55  kV,  75  kV 
and  100  kV  Marx  Voltages .  Probably  an  insufficient  number  of 
data  runs  were  taken  at  the  85  kV  and  100  kV  charging 
voltages.  Only  two  shots  each  were  taken  at  these  voltages 
because  the  light  output  was  so  low.  Persistence  at  thesj 
Marx  voltages  may  have  resulted  in  a  regained  signal.  It's 
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possible  that  since  both  signals  were  very  small  and  the 
charging  voltage  very  high  that  the  aurcing  occurred,  not 
across  the  diode  ga^,  but  to  the  plastic  disk  or  the  walls  of 
the  chamber.  For  these  reasons  it  is  believed  that  the  55  kV 
and  75  kV  data  are  most  representative  of  typical  plasma 
production  on  the  electrodes. 

The  greater  intensity  of  the  cathode  flares  can  be 
e3q)lained  by  the  fact  that  cathode  flares  are  produced  with 
the  assistance  of  the  applied  electric  field,  vrtiile  the  anode 
sheath  must  overcome  the  applied  field.  The  result  should  be 
a  reduced  number  of  craters  on  the  anode  surface .  Using 
photographs  of  craters  in  [Refs. 2, 4] ,  we  estimate  cathode  spot 
densities  are  typically  «10®  cm*^  ,  and  anode  spot  densities 
are  about  =10^  cm‘^.  Based  solely  on  spot  densities  one  would 
ea^ct  the  cathode  light  to  be  1000  times  that  of  the  anode. 
However  plasma  production  is  being  observed  from  the  side  of 
the  electrode  surfaces  and  it  is  therefore  an  optically  thick 
medium.  That  is,  much  of  the  light  produced  on  both  surfaces 
is  in  effect  masked  by  the  plasma  light  lying  between  it  and 
the  detector.  More  plasma  light  is  produced  at  the  cathode, 
so  the  masking  effect  is  greater  at  the  cathode.  The  optical 
thickness  of  the  plasma  produced  in  front  of  the  electrodes 
therefore  has  an  equalizing  effect  on  the  two  light  signals. 
The  DNI  model  thus  provides  an  e;q)lanation  for  the  brighter 
cathode  light  while  the  EEE  model  incorrectly  predicts  (at 
least  for  our  diode  conditions)  that  the  anode  light  will  be 
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greater.  The  EEE  model  also  does  not  explain  how  the 
dissolution  of  anode  matter  occurs  in  the  form  of  craters  but 
the  ENI  model,  via  unipolar  arcing,  does  provide  an 
e^qjlanation. 

E.  ANODE  DAMAGE 

Since  no  damage  to  the  new  anode  was  observed  after 
numerous  high  voltage  firings,  with  the  PVC  disk  removed  from 
the  vacuum  chamber,  it  is  believed  that  the  disk  played  some 
type  of  focussing  role  on  the  high  energy  electron  beam.  It 
is  possible  that  there  was  a  negative  electrical  charge  build 
1:5)  on  the  rim  of  the  disk  hole  vAiere  the  bum  marks  appear. 
This  was  probably  caused  by  bombardment  of  flux  electrons 
produced  by  the  cathode  flares .  This  is  possible  because  poly 
vinyl  chloride  has  a  very  high  dielectric  strength.  The 
negatively  charged  rim  could  then  focus  follow  on  electrons  to 
the  center  by  coulomb  repulsion.  Further  investigation  is 
needed,  however,  to  confirm  this  assunption.  It  is  inportant 
to  note  here  that  the  insertion  of  the  FVC  disk  most  probably 
did  not  effect  the  results  recorded  for  initial  plasma 
production  on  the  electrodes.  At  the  beginning  of  the 
application  of  each  voltage  pulse  the  disk  is  uncharged  and 
therefore  invisible  to  the  electrodes.  It  is  not  until  after 
the  cathode  flcire  has  already  occurred  that  the  disk  is 
charged  and  the  beam  focussed.  All  of  our  measurements  are 
taken  before  this  time. 
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VII.  CXlOIISICll/RBCXlMDmfl^CllS 

The  results  of  this  experiment  shows  the  occurrence  of 
three  iirportant  phenomena  that  until  now  had  not  been 
observed.  Ihe  first  is  that  the  light  signal  produced  near 
the  cathode  surface  during  the  onset  electrical  breakdown 
begins  before  the  first  measurable  light  onanating  from  near 
the  anode.  The  second  is  that  the  light  produced  near  the 
cathode  is  much  brighter  than  the  light  produced  near  the 
anode.  The  third  is  that  the  cathode  light  signal  typically 
begins  with  a  slow  rise  and  is  followed  within  1-2  ns  by  a 
very  rapid  rise.  In  addition,  measurements  of  light  and  diode 
voltage  onset  times  were  made  for  comparison  with  predictions 
published  in  previous  work  [Ref  .3] . 

The  results  of  this  experiment  confirm  vi^t  has  been 
believed  for  years,  that  cathodic  processes  initiate  and 
dominate  plasma  production  in  vacuum  diodes .  The  confirmation 
comes  from  both  the  earlier  onset  of  light  coming  from  the 
cathode  surface  and  its  much  greater  intensity.  Two  models 
predict  the  dominant  role  of  the  cathode  in  vacuum  diode 
electrical  breakdown,  the  Explosive  Electron  Emission  Model 
and  the  Desorbed  Neutral  Ionization  mcdel.  The  results  of 
this  experiment  tend  to  sipport  the  ONI  model  in  the  following 
ways.  The  DNI  model's  predictions  for  the  time  delay  between 
voltage  and  light  onsets  are  very  accurate.  The  measured 
delay  times  were  only  1  to  1.5  ns  earlier  than  the  predicted 


times,  niese  eaurlier  than  predicted  delays  are  to  be  expected 
because  of  the  assumptions  used  in  the  model.  The  measured 
sequence  of  events  agrees  with  those  of  both  the  EEE  and  the 
ENI  models.  The  often  observed  initial  slow  rise  of  the 
cathode  light  signal  followed  in  a  couple  of  nanoseconds  by  a 
very  steep  rise  can  be  e:q)lained  using  the  DNI  model.  It  is 
believed  that  the  slow  rise  possibly  represents  the  light 
produced  by  the  neutral  molecules  being  ionized  near  the 
cathode  surface  and  that  the  steep  rise  is  the  result  of 
unipolaJt:  arcing.  The  model  provides  no  other  coitparable 
esqjlanation  for  this  signal  shape.  The  DNI  model  also 
predicts  the  brighter  cathode  light  that  was  observed  in  this 
eaqjeriment,  vdiereas  the  EEE  model  predicts  the  opposite.  The 
EEE  model  also  does  not  e3q>lain  the  occurrence  of  craters  on 
the  anode  surface. 

Further  work  in  this  area  is  needed  for  a  more  complete 
understanding  of  the  electrical  breakdown  process .  A  spectral 
analysis  of  the  radiation  produced  before  and  during  the 
breakdown  process  could  provide  insight  into  what  processes 
are  taking  place.  This  would  be  especially  enlightening  if 
this  could  be  accomplished  with  tenporal  resolution.  In 
regards  to  the  unesqsected  damage  to  the  anode,  which  could  be 
a  result  of  a  focussing  effect  of  the  PVC  disk,  further 
testing  using  different  materials  and  geometries  should  be 
attaipted  to  maximize  the  effect.  This  could  potentially  be 
very  important  in  charged  particle  beam  applications. 
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APPBIDIX  A:  ERROR  ANALYSIS 


A.  TZMB  MIASDRBmilS 

This  section  explains  the  tindng  error  calculations  used 
in  the  results  and  analysis  chapters  of  this  report.  The 
sources  of  error  are  divided  into  two  categories.  The  first 
being  those  that  are  compensated  for  by  the  synchronization 
procedures  outlined  in  the  experiment  section  including  time 
base  errors  of  the  oscilloscopes  and  DSA's  and  electrical 
signal  travel  time.  These  timing  differences  are  resolved  to 
within  0.3  ns  of  error.  This  along  with  the  other  category  of 
uncontrollable  independent  error  are  listed  below  in  Table 
A.l. 
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Twhlm  A.l  TIMIN5  ERROR 


1.  Synchronization  0.3  ns 

2.  Oscilloscc^  (3%  X  10ns)  0.3  ns 

with  7B92A 


3.  Digitizing  (.03%X  10  ns) 
signal  analyzer 

4 .  Digital  interpretation 
by  DCS 

5 .  Digital  Interpretation 
by  DSA 

6.  Delay  Generator 


0.03  ns 
(1  ns  res*) 

0.1  ns 

0.01  ns 

0.5  ns 


♦Though  the  accuracy  is  0.03%,  data  points  are  only 
taken  every  nanosecond,  so  worst  case  error  is 
actually  1  ns. 


These  timing  errors  are  all  independent  so  they  can  be  added 
in  quadrature.  The  resulting  error  is  dependent  i:5)on  which 
apparatuses  are  used  in  the  measuranent .  The  voltage  -  light 
onset  time  delays  involve  error  sources  1  through  6  above  thus 
resulting  in  an  overall  error  of  ±1.2  ns.  Both  the  anode  and 
cathode  light  signals  aire  both  measured  on  the  same  DSA,  so 
corrparison  of  their  onset  times  thus  involves  only  error 
sources  1,  3,  5,  and  6.  The  resulting  error  then  is  ±1.15  ns 
rounded  l?)  to  ±1.2  ns. 
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B.  VOLIAGB  MB^SaRBODirS 

Absolute  signal  strength  was  only  inportant  with  the  diode 
voltage  signal  because  it  was  converted  to  actual  diode 
voltage  values  using  the  method  described  in  the  experiment 
section  of  this  paper.  Since  only  relative  signal  strengths 
have  any  meaning  for  the  light  signals,  no  error  analysis  is 
necessary  for  the  strength  of  the  light  signals.  Sources  of 
error  for  the  diode  voltage  values  determined  in  this 
esqjeriment  are  shown  in  table  A.  2. 


Table  A.  2  DIODE  VOLTAGE  ERROR 


Oscilloscope  vertical  plug  -in 

+/-  2% 

7B92A 

Value  of  attenuation 

+/-  5% 

Digital  interpretation 

+/-  1% 

by  DCS  w/  Zoom  feature 

The  diode  voltage  error  sources  listed  in  Table  A.  2  are 
independent  so  they  can  also  be  added  in  quadrature  resulting 
in  an  overall  diode  voltage  error  of  5.47%  rounded  up  to  6%. 
However,  when  attenpting  to  determine  the  diode  voltage  at  a 
certain  instant  in  time,  say  at  light  onset,  the  timing  error 
must  be  taken  into  account .  This  was  acconplished  by 
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estinating  the  slope  of  the  voltage  signal  at  the  time  of 
light  onset,  then  estimating  from  this  slope  a  voltage  error 
based  on  the  timing  error  involved.  For  the  typical  55kV  run 
the  slcpe  of  the  voltage  signal  was  0.05  V/ns  with  a  ±1.2  ns 
timing  error,  this  results  in  an  oscilloscope  voltage  reading 
error  of  0.06  V  or  with  conversion  to  a  diode  voltage,  we  have 
a  value  of  19  kV.  This  must  be  added  to  a  6%  error  of  the 
peak  value  of  1.83  V,  (±0.11  V)  oscilloscope  error  or  a  35  kV 
diode  voltage  error.  Sumning  the  two  we  have  a  total  error  of 
±  54  kV.  The  75  kV  shots  have  3  V  oscillosccpe  readings  with 
slopes  of  about  0.2  V/ns.  This  results  in  a  total  error  of 
125  kV  for  the  diode  voltage  at  light  onset.  The  100  kV  shots 
peak  at  4  kV  and  have  a  slope  of  0.4  V/ns,  so  the  total  diode 
voltage  error  is  ±230  kV. 
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A.  OPTICAL  SEIDP  1 


Ten  data  runs  and  one  dark  or  "Blackout"  shot  were  taken 
for  each  charging  voltage.  The  measured  results  of  these 
shots  are  tabulated  in  tables  B.l,  B.2  and  B.3. 


Tahlm  B.l  55  KV  MARX  DATA  (SETUP  1) 


0i>wt8(M»o$Ko»d8) _ Tin  PifftrtKH  08cop8  Voltis*  at 


ruB 

cathoda 

aaodo 

volt 

Cathodo-Voltago  Cath-Aoodo 

Light  OBBOt 

1 

35 

35 

23 

12 

0 

1.22 

2 

35 

35 

22.60 

12.40 

0 

.93 

3 

41 

40 

30.30 

10.70 

-1 

1.13 

4 

39 

39 

28.90 

10.10 

0 

.80 

5 

45 

45 

35.50 

9.50 

0 

1.22 

6 

50 

50 

38.60 

11.40 

0 

1.38 

7 

52.50 

52.50 

43.30 

9.20 

0 

1.51 

8 

53 

53 

43.10 

9.90 

0 

1.58 

9 

52 

52 

42.70 

9.30 

0 

1.39 

10 

53 

53 

44.20 

8.80 

0 

1.40 

11 

Black  out 

hvorago 

10.33 

-.10 

1.26 

STO  OEV 

1.25 

.32 

.27 

Av9  dioda  voltag*  at  light  0B88t 
hv9  alactric  fUld  at  light  oaaat 


401.76  kV 
15.82  NV/i 


Tible  B.2  75  KV  MARX  DAIA  (SEIXJP  1) _ 

Omt8(M»o8Ko»d8l _ TiM  PiffwiKes  Oscop*  Volta9«  it 


run 

cathode 

aiode 

volt 

Cathode-Voltage  Cath*Aaode 

Light  Onset 

1 

79 

79 

74.60 

4.40 

0 

.90 

2 

90.60 

90.60 

83.90 

6.70 

0 

1.06 

3 

81.80 

81.80 

77.20 

4.60 

0 

.76 

4 

85.60 

85.60 

78 

7.60 

0 

1.29 

5 

84 

83 

78.40 

5.60 

-1 

.85 

6 

81.40 

81.40 

75 

6.40 

0 

.93 

7 

84.40 

84.40 

78.40 

6 

0 

1.10 

8 

80.60 

80.60 

75.30 

5.30 

0 

.61 

9 

82 

82 

76.30 

5.70 

0 

.82 

10 

82.40 

82.40 

76.10 

6.30 

0 

1.19 

11 

Black  out 

Average 

5.86 

-.10 

.95 

STO  OEV 

.96 

.32 

67.73  kV 

Avg  diodi  voltagg  <t  light  onset  304.32  kv 

h»ylectri^iel^^ish^jge^^^jj^j9|^jw^ 
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Table  B.3  100  KV  MARX  DATA  (SETUP  1) 


OiMU(mo«0CO»d«) _ TiM  PiffertKes  08co»>  Volti9«  it 


ruR 

cithodt 

IROdo 

volt 

Cithode-Volttge  Cath-Aeode 

Light  ORset 

1 

39 

39 

33.90 

5.10  0 

1.07 

2 

37 

37 

29.20 

7.80  0 

1.46 

3 

38 

38 

32.90 

5.10  0 

1.12 

4 

39 

39 

30.90 

8.10  0 

1.50 

5 

38 

38 

31.10 

6.90  0 

1.48 

6 

31 

31 

24.40 

6.60  0 

1.34 

7 

38 

38 

31.50 

6.50  0 

1.43 

$ 

40 

40 

32.90 

7.10  0 

1.49 

9 

39 

39 

32 

7  0 

1.50 

10 

37 

38 

31.40 

5.60  1 

1.40 

11 

Bilck  out 

Avorago 

6.58  .10 

1.38 

STD  DEV 

1.04  .32 

55.15  kV 

Av9  diode 

voltage  at  light  ORset 

441.28  kV 

Avg  electric  field  at  light  oeeet 

17.37  NV/a 

>9 


B.  QPnCBL  SBIUP  2 

All  data  runs  using  optical  setip  2  (with  PVC  disk)  were 
accortplished  on  one  day  and  in  the  following  order  75  kV, 
lOOkV,  55  kV  and  85  kV.  The  raw  data  for  these  runs  is  listed 
in  table  B.4-B.6  below. 


Tidsle  B.4  Data  85  kV  setup  2 
Cathode  Anode  Peaks (mV) 

_ / _ \  _ a_  / _ \  _ m _ 


21  22  77 

- switched  detectors - 

21  23  37 

AVG  Time  diff .  AVG  Peaks  5  7 

Cath  VS  Anode:  1.5  ns 
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Table  B.6  Data  75  kV  Seti:^  2 


Cathode  Anode  Peaks  (mV) 

onset  (ns) _ raiip(iia} onset  (ns) _ Anode 


60 

61 

62 

386 

27 

40 

42 

42 

362 

18 

29 

30 

30 

218 

13 

28 

30 

31 

229 

11 

51 

52 

52 

362 

15 

- switched  detectors-- 

50 

51 

51 

358 

14 

51 

52 

53 

374 

13 

52 

53 

53 

331 

12 

49 

50 

49 

374 

12 

51 

52 

51 

373 

11 

AVG  Time  Differences 

AVO  peak  321 

15 

Cath  VS  Anode:  1.25  ns 

C.Ranp  VS  Anode:  .083 

ns 
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Table  B.7  Data  55  kV  seti:^  2 


Cathode 
Onset (ns) 


Cathode  Anode 
Rairp(ns) _ Onset  (ns) 


Peaks  (mV) 
Cath. _ Anodr 


12  13  14  171  1.2 

39  40  41  171  1.7 

38  39  39  72  2.4 

-  switched  detectors  - 

39  --  40  50  1.2 

38  40  39  50  3.2 


AVG  Time  Differences  AVO  Peaks  63  2 

Anode  VS  Cathode:  1.4  ns 
Anode  VS  C.  Rannp:  .2  ns 
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